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ABSTRACT 
THE EFFECTS OF ACIDOSIS ON CALCIUM DEPENDENT BINDING OF A SINGLE CROSS BRIDGE 
SEPTEMBER 2019 
MATTHEW P. UNGER, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Edward P. Debold 
Intracellular acidosis is a putative agent of skeletal muscle fatigue, in part, because 
acidosis depresses the calcium (Ca2+) sensitivity and force production of muscle (18, 50). 
However, the molecular mechanisms behind this depression in Ca2+ sensitivity and force 
production are unknown. This gap in knowledge poses a significant challenge in generating a 
complete understanding of the fatigue process. To close this gap, the ability of myosin to bind 
to a single actin filament was measured under acidic conditions, in a laser trap assay, with and 
without regulatory proteins. Decreasing pH from 7.4 to 6.5 reduced the frequency of single 
actomyosin binding events at submaximal (pCa 8 – pCa 6), but not at maximal (pCa 5 - 4) 
concentrations. To delineate whether this was due to a direct effect on myosin versus an 
indirect effect on the regulatory proteins, troponin (Tn) and tropomyosin (Tm), binding 
frequency was also quantified in the absence of Tn and Tm. Acidosis did not alter the frequency 
of actomyosin binding events in the absence of regulatory proteins (1.4 ± 0.05 vs 1.4 ± 0.13 
events/sec for pH 7.4 and 6.5). Additionally, acidosis did not significantly affect the size of 
myosin’s powerstroke, or the duration of binding events in the presence of regulatory proteins, 
at every pCa. These data suggest that acidosis impedes activation of the thin filament by 
competitively inhibiting Ca2+ binding to TnC. This slows the rate at which myosin initially 
iv 
attaches to actin, therefore less cross-bridges will be bound and generating force at any given 
sub-maximal pCa.  
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Chapter 1 
INTRODUCTION 
1.1 Skeletal muscle fatigue 
Skeletal muscle fatigue is defined as a decrease in the force or power generating 
capacity of muscle in response to repetitive contractile activity (32, 66). There is strong 
evidence that suggests fatigue, which develops as a result of short-term, high intensity exercise, 
occurs within the muscle (45). However, the mechanisms which explain this phenomena are 
still incomplete (1). Despite the lack of mechanistic insight, multiple factors have been 
identified in playing a role in this type of fatigue. Of those, acidosis, or elevated proton (H+) 
concentration, is thought to play a direct role in the development of fatigue, but the molecular 
mechanisms responsible for this effect remain unclear. 
Studies using 31Phosphorous-Magnetic Resonance Spectroscopy, a method for 
measuring biochemical changes in muscle demonstrate that several alterations occur in the 
muscle during contractile activity including an increase in Pi and H+ (47). This work also 
established a temporal correlation between the development of muscle fatigue and H+ 
accumulation in contracting muscle (47). Parallel efforts using skinned single skeletal muscle 
fibers provided evidence of a causative link between acidosis and depressions in contractile 
performance (10, 18, 35, 46). Specifically, these efforts have suggested that acidosis may be 
responsible for a moderate decrease in maximum tension at saturating calcium (Ca2+) levels, a 
substantial reduction in unloaded shortening velocity, and a pronounced reduction in Ca2+ 
sensitivity (10, 35, 49, 56). Figure 1 shows one conceptual framework of how acidosis might 
elicit its effects on muscle function during fatigue. 
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Many of the single muscle fiber studies which found impairments in contractile performance of 
muscle measured the effect of H+ accumulation at saturating levels of free Ca2+ and thus with a 
fully activated thin filament (10, 22, 33). This leads to the conclusion that the effects of acidosis, 
are in part, due to direct effects on the actomyosin crossbridge, (see #1 Fig. 1) (70). For this 
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Figure 1 Conceptual framework highlighting the possible mechanisms of fatigue. On the left, 
a force record from a fatigue protocol (71). The initial declines in force production of isolated 
muscle tissue (1) are thought to be mediated through direct effects on myosin (70). The steep 
drop seen later in fatigue (2) is a result of the fatigue induced depression in Ca2+ sensitivity 
combined with a decreased release of Ca2+ from the sarcoplasmic reticulum (SR) (1). The 
graph on the right illustrates how the combination of both effects dramatically decreases 
force production at sub-saturating Ca2+ concentrations. 
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reason, the goal of recent work has been to determine which steps in the crossbridge cycle are 
impacted by acidosis (Figure 2). One such study determined myosin’s ADP-release step of the 
crossbridge cycle is slowed by approximately 66% as a result of acidosis (12). An outcome that 
Figure 2 The current scheme indicating the steps of the crossbridge cycle. The cycle begins 
in the weakly bound M*ADP*Pi state. This is followed by a weak to strong binding transition 
to AM*ADP*Pi with Pi release occurring rapidly. Once Pi is released, myosin undergoes its 
lever arm rotation causing actin displacement and force production. Post power-stroke, 
myosin is still strongly bound to actin in the AM*ADP state. Following a non-reversible 
isomerization step, ADP is released leaving myosin and actin in the AM rigor bond state. 
Once a new ATP binds to myosin, the AM rigor bond is dissociated leaving myosin in the 
M*ATP state. ATP hydrolysis quickly follows this step. d represents the myosin’s inherent 
step size and ton represents the time myosin remains strongly bound to actin. Figure from 
(15). 
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provides a compelling explanation for the decreased contraction velocity caused by fatigue in 
vivo. Additional studies which investigated the effects of acidosis on actin activated myosin 
ATPase found a 90% reduction in the rate of ATP hydrolysis at pH 6.5 compared to pH 7.4 (71), 
indicating there are possibly other steps of the crossbridge cycle slowed by acidosis which could 
possibly decrease the number of strongly bound crossbridges (71). A result which provides a 
possible explanation for the small decreases in isometric tension seen in single muscle fiber 
studies (#1 in Figure 1). To account for the more dramatic drop in muscle performance, one 
must also consider the acidosis induced depression in Ca2+ sensitivity of the regulated thin 
filament (RTF) (18), which, when combined with the loss of Ca2+ release from the sarcoplasmic 
reticulum (SR) late in fatigue (70), has a dramatic impact on muscle performance (see #2 in 
Figure 1). Therefore, the goal of follow up studies was to determine the mechanisms 
responsible for the acidosis induced depression in Ca2+ sensitivity of the thin filament (38, 53, 
55). One possible reason that explains the apparent decrease in Ca2+ sensitivity is that troponin 
(Tn) seems to lose its affinity for Ca2+ under acidic conditions. Troponin is a globular protein 
with three distinct subunits; TnC, the Ca2+ binding subunit, TnI, the inhibitory subunit and TnT, 
the Tm binding subunit (19, 48, 65). Therefore researchers hypothesized that Tn loses its 
affinity for Ca2 under acidic conditions, possibly due to H+ ions competitively binding to the Ca2+ 
TnC(55). Subsequent studies that used chimeras of Tn, found that the pH induced depressions 
of cardiac TnC (cTnC) affinity for Ca2+ partially improved when cardiac TnI (cTnI) or cardiac TnT 
(cTnT) were replaced with skeletal TnI (sTnI) and/ or skeletal TnT (sTnT) (38). Evidence that TnI 
and TnT play a role in the depressed Ca2+ sensitivity caused by acidosis. Additional studies 
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highlighted the importance of Tn structure by demonstrating that point mutations in either 
sTnC or sTnI could partially ameliorate the acidosis induced depression in Ca2+ sensitivity (40). 
The mechanisms responsible for the both the direct and indirect effects of acidosis on 
crossbridge function are becoming clearer. However, because many of these studies were 
performed in muscle fibers, the observed result represents the cumulative action of acidosis on 
billions of actomyosin crossbridges. Thus, there is a need to observe the effects of acidosis on 
single actomyosin interactions. Due to developments in the field of muscle biophysics, the 
mechanics and kinetics of Ca2+ regulated actomyosin interactions can be quantified (30, 39, 64).  
The goal of this proposal is to investigate the underlying molecular mechanisms 
responsible for the precipitous drop in contractile performance of muscle in response to 
acidosis. With emphasis put on the combined effects of acidosis and decreased Ca2+ release 
from the SR (Figure 1). Since this study will be performed at the single molecule level, both with 
and without regulatory proteins, the direct effects of acidosis on myosin (#1 in Figure 1) will be 
delineated from the effects of acidosis on the RTF (#2 in Figure 1). This will allow us to 
investigate the molecular mechanism responsible for the acidosis-induced decrease in Ca2+ 
sensitivity and force production in muscle fibers from the perspective of single actomyosin 
crossbridge. 
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Chapter 2 
LITERATURE REVIEW 
2.1 The link between acidosis and fatigue 
During intense contractile activity, increased rates of ATP hydrolysis and glycolysis lead 
to an accumulation of H+ which decreases intramuscular pH from resting levels of ~7.0 to 6.5 
and in extreme cases to 6.2 (47). As pH decreases from resting levels to those observed during 
fatigue, maximum force output in vivo decreases by as much as 70% (47). However, because 
31P-MRS studies are performed  in vivo, the measured reduction in force is most certainly a 
result of the combined effects of H+, Pi, ADP and reactive oxygen species (ROS) (13). Thus, the 
role that acidosis plays in fatigue cannot be determined independently of these other metabolic 
biproducts. Parallel efforts, using chemically skinned rabbit psoas muscle fibers, determined 
that decreasing  pH from 7.0 to 6.2 was enough to decrease peak isometric tension (Po) and 
maximum contraction velocity (Vmax) by ~30% at 15˚C in saturating pCa (8, 10). These results 
suggest that acidosis is playing some causative role in skeletal muscle fatigue. 
The observation that acidosis depresses isometric tension and contraction velocity in 
fully activated muscle fibers, i.e. in saturating Ca2+, at 10˚C was an indication that H+ ions are 
acting directly on the actomyosin crossbridge (70). However, when similar studies were 
performed at near in vivo temperatures (30˚C), Peak isometric tension (Po) only decreased by 4 
- 18% at pH 6.2 in rat muscle fibers (35, 56). Because the effects of pH on Po seemed to be 
mitigated at 30˚C under saturating Ca2+, many researchers questioned the role of acidosis in 
fatigue (56). However, because myoplasmic Ca2+ concentrations decrease from ~pCa 5.3 to ~6.3 
after 2 - 3 minutes of high frequency stimulation (36, 70), reviewed in (1), the acidosis induced 
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decrements in crossbridge function at saturating  Ca2+ concentrations may only be 
representative of what occurs early in fatigue (47). Therefore, to more accurately simulate later 
stage fatigue, the tissue needs to be exposed to excess H+ ions and be activated with 
submaximal concentrations of Ca2+. Indeed, when rat muscle fibers are exposed to pH 6.2 and 
activated with submaximal Ca2+ concentrations at 30˚C, the reductions in Po are considerably 
larger when compared to fibers activated with maximal Ca2+ concentrations (50). Therefore, the 
acidosis induced decrements in crossbridge function under submaximal Ca2+ conditions are 
more representative of what occurs during later stage fatigue. The reduced RTF Ca2+ sensitivity 
manifests as a rightward shift in the force-pCa relationship (Figure 1, right panel), which, when 
combined with the decreased myoplasmic Ca2+ concentration observed late in fatigue, can have 
severe detriments on muscle performance (70). 
Although the development of skeletal muscle fatigue is in part caused by decreased Ca2+ 
release from the SR and other compounds such as Pi, ADP, and reactive oxygen species (ROS) 
are implicated in the fatigue process (1), the link between acidosis and muscle fatigue remains 
strong. This proposal will focus on quantifying how acidosis impacts actomyosin interaction. 
Specifically, how does acidosis impact the mechanics and kinetics of actomyosin interactions in 
the absence of regulatory proteins and then in a Ca2+ regulated system at low pH. 
2.2 Mechanism of Activation 
When observing actomyosin interactions in a Ca2+ regulated system one must consider 
the activation state of the RTF which, includes actin, Troponin (Tn), and Tropomyosin (Tm). 
While there is a cascade of events that must occur within the neuromuscular system for muscle 
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contraction to occur (17, 59), the focus of this proposal is on the RTF and its role in regulating 
actomyosin interaction. Specifically, how the direct effects of acidosis on myosin, and on the 
RTF affect actomyosin interaction at submaximal Ca2+ concentrations. 
2.2.1 The Regulated Thin Filament (RTF) 
 The actin filament is decorated with two regulatory proteins; troponin (Tn) and 
tropomyosin (Tm). Troponin and Tm work with one another to regulate muscle contraction in a 
Ca2+ dependent manner. Troponin is a globular protein with three distinct subunits; TnC, the 
Ca2+ binding subunit, TnI, the inhibitory subunit and TnT, the Tm binding subunit (19, 48, 65). 
Tropomyosin is a 42 nm long, filamentous coiled-coiled protein that assembles into a 
continuous-flexible-chain that can extend the length of an actin filament (60). In a relaxed 
muscle, i.e. in the absence of Ca2+, the Tm cable assembly blocks myosin binding sites on actin. 
Before actomyosin binding and subsequent force production can occur, Ca2+ must be released 
by the sarcoplasmic reticulum and bind to TnC. 
Previously, researchers believed that Ca2+ activation worked as an “on – off” switch, i.e. 
as soon as Ca2+ is released from the SR, the muscle is completely activated. Instead, the process 
of activation is best modeled as a three-state system. McKillop & Geeves (1993) first presented 
the need for the 3-state model of regulation in favor of a 2-state model because Mckillop & 
Geeves (1991) found two distinct populations of RTF in the “off-state”, one of which had a 
higher affinity for myosin than the other, which clearly disagrees with a 2-state model. This led 
them to believe that these two “off-states” must be two distinct populations and thus, the 3-
state model was introduced (43, 44). Ultimately, they describe a model where the position of 
the Tm cable assembly exists in a dynamic equilibrium between 3 positions. When no Ca2+ is 
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present, Tm is in a blocked position. This keeps strong-binding sites obscured from myosin’s 
view, thereby keeping the muscle in a relaxed state. When Ca2+ binds to Tn, Tm moves to the 
closed position. This allows for partial exposure of myosin strong binding sites and increases 
myosin’s binding rate 50 fold (39). When the initial myosin head binds, myosin pushes Tm into 
the open state, thereby fully activating the thin filament. Because Tm exists as a continuous 
flexible chain, researchers believe that myosin binding forces neighboring Tm into the open 
state thereby locally activating the thin filament. This local activation can extend up to 400 nm 
away, thus accelerating the binding rate of neighboring myosin heads up to 10 fold in a 
cooperative binding process (16, 39, 57). This cooperativity causes the force-pCa relationship to 
have the steep sigmoidal shape (Figure 1, right panel). The molecular representation of the 
current 3-state model can be seen below (Figure 3) (24, 43). 
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The activation of muscle is a complicated process that relies on the close communication of Tn, 
Tm and actomyosin binding. Because fatigue-induced-acidosis is known to impact actomyosin 
binding through direct effects on myosin and on the RTF, there is a possibility that acidosis 
mediates at least some of the detrimental effects through each of these systems. 
Figure 3  3-D reconstruction of the 3-state model indicating blocked closed and open positions 
of Tm (22). Actin (grey), has strong binding sites (red) and weak binding sites (cyan). Tm (black) 
resides in three distinct positions on actin; (1) a blocked position where strong binding sites are 
completely blocked, (2) a closed position where strong binding sites are partially revealed and 
(3) an open position where strong binding sites are completely available. The table below the 3-
D model indicates the relative percent of filaments in the 3-states in the absence and presence 
of Ca2+. Data from (43). 
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2.3 Fatigue-induced-acidosis: Effects on the Regulated Thin Filament 
 The reduction in RTF Ca2+ sensitivity in response to acidosis, well characterized in 
skinned single muscle fibers (18, 50), is thought to play an important role when myoplasmic 
Ca2+ concentration is compromised because of decreased release from the SR (70). This 
decreased Ca2+ release from the SR only accounts for a small reduction in contractile 
performance of pre-fatigued muscle, rather, the combined effects of H+ on Ca2+ sensitivity 
combined with decreased myoplasmic Ca2+ concentration leads to the severe reductions in 
contractile performance of skeletal muscle several minutes into the fatigue process (70).  
Because Tn is the protein responsible for Ca2+ binding, many studies have investigated 
how acidosis impacts TnC-Ca2+ binding as well as how the transmission of the Ca2+ binding 
signal is affected by acidosis. To determine what role Tn may play in the desensitization of the 
RTF in response to acidosis, Parsons et al. (1997) devised a method to simultaneously measure 
TnC-Ca2+ binding and force production of skinned cardiac and skeletal muscle fibers. By 
removing endogenous skeletal TnC (sTnC) or cardiac TnC (cTnC) and replacing them with a 
fluorescently labeled construct; either sTnCDANZ  or cTnCIAANS, Parsons and colleagues were able 
to track Ca2+ binding to TnC via fluorescence changes of sTnCDANZ and cTnCIAANS that occur 
during Ca2+ binding, where higher amounts of fluorescence correspond to greater Ca2+ binding. 
They found that when the pH of the activation buffer was decreased from 7.0 to 6.5 there was 
a rightward shift in the force-pCa relationship as well as a rightward shift in the fluorescence-
pCa relationship. A decrease in the pCa50 (the concentration of Ca2+ to get to 50% of the 
maximum activation) was observed for both force and fluorescence in the skeletal and cardiac 
muscle fibers. These results indicate that Ca2+ binding to TnC as well as tension development is 
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decreased in response to acidosis. Parsons et al. (1997) speculated this was caused by H+ 
competitively binding to TnC. Because the affinity of TnC to Ca2+ is enhanced by strongly bound 
myosin (5, 63), Parsons et al. (1997) performed the same experiments in the presence of 2, 3- 
Butanedione monoxime (BDM), a compound that stabilizes the weakly bound state of myosin. 
When performed in the presence of BDM, the maximum force development in both skeletal 
and cardiac fibers decreased by ~24%. However, there were no changes in the fluorescence 
response, an indication that the pH-induced changes in the fluorescence-pCa relationship were 
primarily related to changes in Ca2+ binding to cTnC or sTnC (55). Parsons and colleagues also 
speculated that the rightward shift in the force/fluorescence-pCa relationship could be a result 
of altered transmission of the TnC-Ca2+ binding signal. 
 Recent advances in our understanding of the molecular motions responsible for 
transmission of the TnC-Ca2+ binding signal are revealing much of the detail of this process. For 
instance, in the absence of Ca2+, the inhibitory subunit of Tn (TnI) holds Tm in a position that 
sterically blocks myosin strong binding to actin (65). Calcium binding to TnC reveals a 
hydrophobic patch in the N-terminus of TnC that biases the C-terminal region of TnI toward TnC 
(Figure 4). This movement of TnI toward TnC releases the steric constraints previously placed 
on Tm (21). Tropomyosin is then free to occupy a position that allows myosin to bind actin, first 
weakly then strongly, thereby fully activating the thin filament (43). This weak to strong binding 
transition is thought to be the step in the crossbridge cycle regulated by Ca2+ (23). Because 
myosin strong binding is required to fully activate the thin filament, the apparent loss of Ca2+ 
sensitivity in response to acidosis, could be due, in part, to direct effects on myosin. However, 
when strong binding is inhibited via BDM, the affinity of TnC to Ca2+ is still impaired (55). This 
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does not rule out the possibility that direct effects of acidosis on myosin can impact Ca2+ 
sensitivity, however, these findings do indicate that Tn plays a role in the decreased Ca2+ 
sensitivity in response to acidosis. However, there is also evidence for a role of TnI in the 
acidosis-induced decrease in Ca2+ sensitivity of cardiac muscle (4), where the greater 
Figure 4 A ball and stick model of the 3-subunit Tn complex. The black-bolded arrows indicate 
a strong interaction between two subunits while thinner-black arrows indicate a weaker 
interaction. +Ca2+ indicates the addition of Ca2+, -Ca2+ indicates the absence of Ca2+ and lastly 
±Ca2+ indicates the interaction is unchanged by Ca2+ concentration. In the absence of Ca2+, -Ca2+, 
C-TnI is biased toward Tropomyosin (beige) causing actomyosin binding sites to be obscured, 
leaving the thin filament deactivated. Figure from (65). 
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susceptibility of cardiac fibers to acidosis was improved if cTnC and/ or cTnI were replaced with 
fast skeletal TnC and/ or TnI. Other studies have since corroborated these findings (38). Gaining 
deeper insight into the molecular motions of Tn is crucial for understanding how these motions 
are affected by acidosis and subsequently how acidosis affects Ca2+ activation. 
Because muscle activation also relies on the movements of Tm over the surface of actin, 
other researchers have focused on Tm dependent effects of acidosis. By removing endogenous 
RTF from bovine cardiac fibers with gelsolin and reconstituting them with either cardiac Tm 
(cTm) and sTn, or sTm and cTn, Fujita and Ishiwata (1999) demonstrated that active tension was 
lower in cardiac fibers with cTm compared to cardiac fibers with sTm in low pH buffer (20). This 
depressive effect on tension development was independent of the type of Tn used, evidence 
that Tm plays an active role in the depression of force generation associated with fatigue-
induced-acidosis. Despite Tm’s role in tension development, the role Tm plays in the decreased 
Ca2+ sensitivity of the RTF is less clear. Recent studies utilizing advancements in transgenic 
mouse models have provided insight into the possible role Tm plays in decreased Ca2+ 
sensitivity. A common familial hypertrophic cardiomyopathy (FHC) mutation in cTm (Tm-E180G) 
imparts increased Ca2+ sensitivity to cardiac myofilaments in low (6.9) and high pH buffer (7.4) 
compared to non-transgenic mice (61). This enhanced Ca2+ sensitivity leads to hyper 
contractility, myocardial ischemia and often results in sudden cardiac death (42). Because Tm-
E180G resides in the region where Tm interacts with TnI and actin (6, 37), the idea that a 
mutation here impacts the transmission of the Tn-Ca2+ binding signal as well as the movement 
of Tm over the surface of actin is plausible. New findings from studies investigating the basic 
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mechanism underlying RTF activation provide invaluable insights to probe our understanding of 
how acidosis, or other fatiguing agents mediate the effect of decreased Ca2+ sensitivity. 
2.3.1 – Acidosis-induced-fatigue: Effects on Actomyosin interaction 
 In addition to the indirect effects of acidosis on actomyosin interaction that are 
mediated through the RTF, there are also direct effects of acidosis on actomyosin interaction 
(70). These direct effects work to inhibit the force, power and motion generating capacity of 
myosin (10). Because the force, power and shortening velocity generated by muscle ultimately 
depends on the cyclic interaction of myosin and actin known as the crossbridge cycle (28), 
many researchers focused on determining which steps in the cycle (Figure 2) are affected by 
acidosis. 
Early work using isolated myosin preparations identified that hydrogen ion (H+) release 
is closely coupled to the ATP hydrolysis step and Pi release step Because H+ ions are involved in 
these steps (2, 9), researchers postulated that excess H+ accumulation that occurs during 
fatigue could be impacting ATP hydrolysis and Pi release. Additionally, because both steps occur 
either off actin or prior to strong-binding, slowing them would decrease the rate of attachment, 
thereby decreasing the number of strongly attached crossbridges, ultimately decreasing force 
production (28, 67). This is consistent with single fiber studies where force generation is 
decreased at 20˚C (10) and 30˚C (56); although the acidosis induced reductions in force are less 
severe at higher temperatures when activated with maximum Ca2+ concentrations. 
 In addition to the direct effects of acidosis on myosin that cause detriments in force 
production, there is also a severe decrease in unloaded shortening velocity. In skinned muscle 
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fiber preparations, decreasing pH from 7.0 to 6.2 reduces maximal shortening velocity by ~20 – 
30% at near physiological temperatures (31, 35). Other studies using purified myosin and actin 
in an in vitro motility assay observed that decreasing pH from 7.4 to 6.5 slowed actin filament 
velocity by ~67% at 20˚C (12). This assay was performed with naked actin (i.e. no Tn and Tm), 
confirming that acidosis is directly impacting myosin’s ability to move actin.  
The motion of actin filaments in an in vitro motility assay are well characterized by a 
detachment limited model (29). Where the velocity, v, of actin filaments is equal to the unitary 
displacement of one myosin, d, divided by the time myosin spends strongly bound to actin, ton, 
(i.e. v = d / ton). Because actin filament velocity is determined by d and ton, researchers 
postulated that acidosis may slow contraction velocity by decreasing d and/or increasing ton. 
However, in conventional in vitro motility assays and single fiber studies, d and ton cannot be 
measured directly. 
Thanks to advancements in single molecule techniques the chemo-mechanical 
parameters responsible for the acidosis-induced decrease in velocity can be measured directly. 
A study performed by Debold et al. (2008) found that acidosis has no effect on d, but increases 
ton by three-fold, an increase that can quantitatively account for the 67% decrease in velocity in 
a motility assay (12). As seen in Figure 2, ton is dependent on two different biochemical steps, 
the ADP release step and the rigor lifetime, the latter of which is dependent on the second 
order ATP binding constant (~2.5 x 106 M-1·s-1) (62). Because ton depends on two different rate 
constants, further experiments were needed to determine if the acidosis induced increase in ton 
was a result of slowed ADP release or slowed ATP binding. By increasing the ATP concentration 
in the laser trap assay, ton becomes dominated by the ADP lifetime. At higher concentrations of 
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ATP, Debold et al. (2008) found that ton was unchanged under acidic conditions, evidence that 
the increased ton was a result of slowed ADP release and not a prolonged rigor lifetime. These 
findings provide the first direct evidence of the specific step in the crossbridge cycle that likely 
underlies the decrease in shortening velocity associated with fatigue. Because this study was 
performed in the absence of regulatory proteins, any affect acidosis has on Tn and Tm is being 
overlooked. Therefore, the mechanisms that impact actin filament velocity in a Ca2+ regulated 
system needed to be investigated. Studies that performed in vitro motility with RTF found a 
similar down right shift in the velocity-pCa relationship compared to a force-pCa relationship 
(Figure 1) (15, 40). Thus, in a Ca2+ regulated system of motility, acidosis may slow actin filament 
velocity by limiting the number of cycling crossbridges due to decreased Ca2+ sensitivity. 
2.4 Summary of the Review 
 The link between acidosis and skeletal muscle fatigue is well understood. The 
accumulation of H+ has both direct and indirect effects on actomyosin interaction (10, 12, 70), 
the latter being mediated through direct effects on the regulatory proteins Tn and Tm (4, 20, 
38, 55). The net result of acidosis is a decrease in RTF Ca2+ sensitivity, force and shortening 
velocity of skeletal muscle fibers. The mechanisms through which acidosis mediates these 
effects are now becoming clearer. For instance, the decreased Ca2+ sensitivity of the RTF 
associated with acidosis is likely caused by decreased Ca2+ affinity of TnC (55). Additionally, 
researchers have speculated that the transmission of the Ca2+ binding signal is inhibited by 
acidosis; an effect which may be mediated through TnI (4). Tropomyosin has also been 
implicated in the fatigue process where studies demonstrated that active tension development 
in fibers was impacted by the Tm isoform (20), and that Ca2+ sensitivity is enhanced via rare Tm 
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mutations (61). The direct effects of acidosis on actomyosin interaction has been studied for 
longer but recent insights have been made (12) . For instance, acidosis effectively slows the 
attachment rate of cycling myosin (2, 9), thereby decreasing the number of strongly attached 
crossbridges. A result that should theoretically decrease force production in vivo (28, 67). 
Additionally, there is evidence that ADP release is slowed under acidic conditions (12). An 
outcome that provides a compelling explanation for the decreased contraction velocity caused 
by fatigue in vivo. 
Despite this overwhelming amount of research, no studies, have yet directly measured 
how acidosis impacts the mechanics and kinetics of single actomyosin binding events in a Ca2+ 
regulated system. Recent studies have determined how actomyosin interactions are impacted 
in a Ca2+ regulated system in normal pH conditions (16, 30, 39). Due to these advancements, 
the impact acidosis has on Ca2+ regulation can be measured directly at the single molecule level. 
This will provide unique insights into the mechanisms which lead to decreased RTF Ca2+ 
sensitivity. 
2.5 Specific aims & hypothesis 
2.5.1 Aim 1: Characterize the direct effects of acidosis on myosin 
 This proposal is focused on identifying mechanisms which leads to decreased Ca2+ 
sensitivity and isometric tension in muscle fibers. Therefore, to isolate the effects of acidosis on 
myosin from the effects of acidosis on the RTF, these experiments must be performed with and 
without regulatory proteins. Acidosis is hypothesized to slow specific steps in the crossbridge 
cycle (12) and has been shown to decrease actin activated ATPase (71). This suggests that 
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acidosis might affect steps off actin leading to a decrease in binding frequency at the single 
molecule level. My hypothesis is that in the single molecule laser trap assay, myosin binding to 
naked actin (i.e. no Tn or Tm) will occur less frequently at pH 6.5 compared to pH 7.4. A result 
which could help explain the decreased actin activated ATPase rate as well as the impaired 
contractile performance of isolated muscle fibers in vitro. 
2.5.2 Aim 2: Characterize the effects of acidosis on RTF Ca2+ sensitivity 
 Acidosis is known to impact Ca2+ sensitivity of the RTF. The mechanisms responsible for 
this decreased Ca2+ sensitivity are thought to be mediated through effects on TnC, TnI and Tm 
(4, 38, 55, 61). Because the activation state of the RTF impacts actomyosin binding, I 
hypothesize that the decreased Ca2+ sensitivity of the RTF will lead to a decreased actomyosin 
binding frequency over a range of Ca2+ concentrations. Because there will also be binding 
frequency estimations in an unregulated system, the degree to which acidosis impacts the RTF 
and myosin can be delineated. 
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Chapter 3 
METHODS 
3.1 Protein purification/isolation 
Myosin was purified from chicken pectoralis muscle using methods previously described 
(41). Typically, 95% of the myosin heavy chain (MHC) content within chicken pectoralis is 
expected to be MHC IIB (69). Once the myosin was purified the protein was combined with 5% 
sucrose, flash frozen in liquid nitrogen and stored at -80˚C for future use. The quality of the 
sample was later quantified with the in vitro motility assay. If the percent of motile filaments 
was ≥ 85% and the velocity of sliding actin filaments was ≥ 3 µm/s the sample was considered 
suitable for further experimentation. On the day of an experiment, myosin was combined with 
a 2-molar excess of actin and 1 mM ATP in a dead-head spindown as previously described (12). 
Actin was purified from chicken pectoralis muscle using methods previously described 
(54). After purification, a 1 µM sample of actin is fluorescently labeled in a solution of 50% 
TRITC/Phalloidin and 50% Biotin/Phalloidin. This ratio adequately labeled the filaments while 
also allowing enough of the biotin linker to bind, so that fluorescently labeled actin would bind 
to neutravidin coated beads (described in section 3.3). 
3.2 Reconstituted thin filaments 
 Reconstituted thin filaments (RTF) were prepared with methods previously described 
(30, 39) . Briefly, 1 µM TRITC/Biotin labeled actin was incubated with 0.25 µM Tn and 0.25 µM 
Tm at 4˚C for 3 hours prior to use. The ionic strength of the solution must be 95 mM KCl and 
filaments must be incubated for < 3 hours to prevent the formation of actin aggregates, which 
are unsuitable for the laser trap assay. To ensure complete regulation after incubation, the 
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velocities of the RTF were assessed in an in vitro motility (IVM) assay in the absence of Ca2+. 
Under these conditions the velocity of actin filaments is zero which indicates the regulatory 
proteins are intact and properly inhibiting actomyosin interaction. 
3.3 - Neutravidin coated beads: 
To provide a sticky surface for the RTF, 1 µm diameter silica beads were incubated in 20 
µL of 0.167 µM Neutravidin (NAV) overnight. On the day of an experiment excess NAV was 
rinsed from the silica beads with 1 mL of high salt myosin buffer. This suspension was 
centrifuged at 13,000 RPM to reform the pellet. The supernatant was discarded, and the NAV 
coated beads were resuspended in 500 µL of experimental buffer. 
3.4 - Three-bead assay: 
 On the day of an experiment a flow chamber was constructed by laying a 22 X 22 mm 
coverslip onto a 24 X 50 mm microscope slide and fixing them together with a UV activated 
adhesive. The larger 24 X 50 mm slide was coated in a 1.0% nitrocellulose film sparsely coated 
with 3 µm silica beads which served as pedestals for myosin to adhere. 
 After the chamber was constructed 33 µL of 0.1 µg/mL myosin was injected into the 
chamber and allowed to adhere to the surface through a 2-minute incubation. After the 
incubation 33 uL of 7.25 µM BSA was injected into the chamber and incubated for 8 minutes. 
The BSA blocks the surface by filling in the gaps between myosin molecules. Blocking with BSA 
will help minimize unwanted non-specific electrostatic interactions. After the 8-minute 
incubation three, 33 µL shots of experimental buffer were injected into the flow chamber. This 
step washes out all excess BSA while equilibrating the flow chamber to the desired 
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experimental conditions (i.e. pH, [ATP], pCa and ionic strength). Once the chamber is 
completed, 100 µL of final buffer, which consists of 0.02 uM TIRT-C labeled RTF, 100nM excess 
Tn and Tm as well as 0.5 µL of NAV coated beads, was made. Finally, 20 µL of final buffer is 
injected into the flow chamber. 
3.5 - Data acquisition: 
 Once the bead-actin-bead geometry has been achieved (Figure 5,) the actin filament 
was pretensioned. This was accomplished by slowly moving the position of the two traps away 
from each other as to pull compliance out of the system. Once the RTF was sufficiently rigid and 
the system sufficiently stiff (~0.02 pn/nm, determined through the equipartition method (51)) 
the myosin coated surface was sampled. The bead actin bead assembly was then lowered 
toward the surface over a 3 µm silica bead. The RTF was then scanned over the pedestal with a 
piezo controlled stage until the quadrant photodiode (QD) begins to show the presence of 
events (transient drops in signal variance). At that point, 5 second recordings of the bead 
position were captured every 5 seconds. Because the trap is weak in the z-axis, the RTF was 
repositioned above the pedestal bead every 1-2 minutes to ensure consistent RTF and myosin 
proximity. 
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3.7 Data analysis 
3.7.1 Page Method 
The raw data recordings were analyzed with a custom Python program previously 
described (39) which is based off of a modified version of Page’s method previously described 
(34, 52, 68). Briefly, this method takes advantage of the underlying probability density function 
(PDF) of the position of a trapped bead when myosin is bound to actin and when myosin is 
detached from actin (Figure 6). This PDF was then used to calculate a log-odds 
ratio, where values above zero indicate a high probability of attachment and values less than 
zero indicate a high probability of detachment. A zero-threshold cumulative sum was then 
Figure 5 A schematic of the three-bread laser trap assay. The red cones indicate the laser traps 
which are holding 1 µm silica beads (green). The RTF, white, is fixed to the silica beads via a 
NAV – Biotin linkage. The QD is in the top left corner of the figure, this sensor detects changes 
in the bead position at a frequency of 5 kHz. 
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calculated from the log odds ratio. The cumulative sum rapidly increases above zero when the 
probability of attachment is high and rapidly sum to zero when the probability of attachment is 
low (Figure 7B). Since the peak value of the cumulative sum corresponds to the duration of an 
event, a predetermined threshold which corresponds to event lifetimes of 10ms is used for this 
analysis. 
All raw data traces were analyzed in groups of contiguous recordings, i.e. each 5 second 
recording was concatenated with a custom Python script. These chunks of contiguous 
recordings will be treated as one continuous record, from which binding frequency, average 
displacement and event duration will be determined. If a raw data trace starts and/or ends 
within the middle of an event, those records were truncated in order to remove those parts of 
Figure 6 Probability density function. This figure shows that the mean position of the bead in 
both the unattached and detached states is zero. However, the distance that an attached bead 
explores is approximately 20 nm, while the distance that a detached bead explores is close to 
60 nm (34). 
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the record. To determine if pH affects actomyosin binding frequency, a repeated measures 
ANOVA was used with an α of 0.05. The data was compared between pH conditions (6.5 vs 7.4). 
The same analysis was used to evaluate pH-induced effects on τon and d. 
 
Figure 7 Page method analysis. A. Raw recording of a trapped bead in the laser trap assay. 
When actin is detached from myosin the signal from the QPD is highly variant, red arrow. 
During an acto-myosin binding event there is a transient drop in signal variance with a 
subsequent bead displacement, green arrow. B. The corresponding cumulative sum of the raw 
trace after Page analysis with the y-scale cutoff to retain clarity. The cumulative sum is a 
logarithmically scaled dimensionless value. During long events, the cumulative sum will increase 
for a greater period, leading to a high cumulative sum. During shorter events, the cumulative 
sum will not reach as high a peak. This means that shorter events become difficult to separate 
from Brownian noise within the data. The red asterisks indicate the end of an event. 
A 
Attached 
B 
Detached 
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 Shortly after data collection was completed, the Page Method was determined to be an 
unsuitable analysis technique because of the heavy parameterization required to optimize the 
event detection algorithm. For example, the window width required for processing the data, 
and the cumulative sum threshold used to trigger event detection are both user determined 
parameters. Due to the natural variation in data quality, i.e. the signal to noise ratio, these 
parameters needed to be adjusted for almost every record. Despite this heavy amount of user 
input, the Page Method was not able to reliably detect events (Figure 8). This method routinely 
Figure 8 Detection with Page method. An example recording demonstrating the results of the 
Page method. Note that the first event, labeled 1., is counted as an event three times. 
Additionally, event number 2, which appears to be of much shorter duration, is not counted at 
all. In this recording, event 3 is the only event that is detected reliably. 
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counted a single event as multiple events, regularly missed short events, and often provided 
false positives. Some of these problems can be ameliorated by modifying the algorithm 
parameters, but this can lead to poor reproducibility as well as experimental bias. For this 
reason, another analysis method was used. 
3.7.2 Mean Variance Method 
Raw Data (Figure 7A) were analyzed using the mean-variance (MV) analysis technique 
which involves routinely calculating the mean and variance of the raw displacement records 
with variably sized windows (e.g. 16 ms – 800 ms). The window is advanced by half of its width 
over the entire displacement record and the mean and variance of the raw signal is calculated 
each time the window is advanced. Each point in the record is plotted in a 3-D histogram 
(Figure 9A) with the third dimension indicating the number of observations binned within a 
specific mean variance value. This means that if a 5 second record, sampled at 5 kHz, is filtered 
with the 16ms window, the resulting 3-D histogram will contain 625 data points. 
The 3-D histograms clearly display two populations; a baseline population, which 
represents periods of time myosin is detached from actin and an event population, which 
represents periods of time myosin is strongly bound to actin. Sampling the raw data with 
variably sized windows provides a measure of the rate at which the density of the event 
population decays (Figure 9B). By analyzing the rate of decay of the event population, it is 
possible to determine the average time myosin spends strongly bound to actin, as well as the 
number of events within a raw data record. Therefore, event density (ρ) as a function of the 
window width (τω) was then plotted and fit with a mono-exponential decay, Equation 1: 
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Eq 1. 𝝆(𝝉𝝎) =  𝝉𝒐𝒏𝑵𝒆
(𝟏−𝝉𝝎)
𝝉𝒐𝒏  
with τon representing the time myosin spends strongly bound to actin, and N the number of 
binding events within a record. All event densities were summed within a given condition (up to 
30 minutes of raw data) before the fitting process (Appendix A), therefore the fit determines 
τon and N over an extended period. The total number of events, N, is divided by the total record 
time to determine the event frequency for each condition. 
In order to evaluate the Ca2+ sensitivity of actomyosin binding, the event frequency data 
were fit with the Hill equation, Equation 2: 
Eq 2. 𝒇(𝒑𝑪𝒂) =  𝑽𝒎𝒊𝒏 +  
𝑽𝒎𝒂𝒙−𝑽𝒎𝒊𝒏
𝟏+ 
𝒑𝑪𝒂𝟓𝟎
𝒑𝑪𝒂
𝒏   
with Vmin and Vmax representing the maximum and minimum activity, pCa50 representing the 
pCa to achieve 50% activation and n represents the Hill slope (23). The magnitude of the 
displacements (i.e. size of the powerstroke) were also determined using the MV analysis 
technique (26). 
 Because our frequency and τon measurements are based on one estimate from equation 
1 (Appendix A), a two-way ANOVA cannot be used to test for significant differences. Therefore, 
a paired t-test was used determined if pH influenced binding frequency and τon across all pCa 
values. A two-way ANOVA was used to determine if there was an interaction between pCa and 
pH in respect to step size. 
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Figure 9 Using window widths to construct event density plots. A. An example of the MV-
analysis after one raw data record was filtered via a running window of varying size. The size of 
the window width, in milliseconds, is displayed in the top left corner of each MV-histogram. 
Note the strong baseline population, b, in the 16 ms window histogram along with the event 
population, E, which is outlined with the solid white lines. In order to go from MV-analysis 
shown in A, to the event density plot shown in B. B, the volume of events captured in each 
window, i.e. within the solid white lines, was normalized to the peak volume of events captured 
within the 16 ms window (Appendix A) and then fit to equation 1. The 16 ms window was 
chosen as the minimum sized window because this provides the optimum signal to noise ratio 
given the stiffness of the laser trap (34). 
Preliminary visual inspection of the raw data reveals that the actomyosin binding 
frequency appears to be dependent on Ca2+ sensitivity (Figure 10), consistent with previous 
results (39). However, any pH dependence of binding frequency, step size and event duration 
cannot be discerned with a crude visual inspection. Moreover, the short, ~ five second time 
scale displayed in Figure 10, cannot capture differences in binding frequency at the lowest pCa, 
where event frequency is expected to be extremely low (30). To achieve more quantitative 
analysis of myosin’s step size, event duration and binding frequency, all the data were analyzed 
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with the Mean-Variance method.
 
Figure 10 Representative raw actin filament displacement records. 5sec. samples of regulated 
actin filament displacement vs. time at 3 pCa levels and both pH’s. The raw records show 
binding events, characterized by a short reduction in the signal noise and displacements from 
the mean when myosin is bound to the filament. 
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Chapter 4 
RESULTS 
 
After obtaining the event duration and myosin’s step size with Mean-Variance analysis 
(Figure 11 and 12), a series of paired t-tests revealed that pH has a significant effect on τon, but 
only at pCa 8, 7, 6.5, 5, and in the unregulated condition (Figure 11A). However, because there 
is no evidence that pCa should impact strongly bound lifetime (30, 39), the τon data were 
grouped by pH. When τon was grouped by pH, a paired t-test found no significant difference in 
τon between pH 7.4 and pH 6.5 (Figure 11B). Additionally, although a two-way ANOVA 
determined there is a significant interaction between pH and pCa for myosin’s step size (Figure 
12B), when the step sizes were grouped by pH (Figure 12C), a paired t-test found no significant 
difference in step size between pH 7.4 and pH 6.5 (Figure 12C), consistent with previous results 
(12). 
 
Figure 11 τon summary. A. The event duration results separated by pCa and pH. Bars represent 
τon as predicted from equation 1. Because all event densities were summed before they were fit 
to equation 1, τon represents the average lifetime over minutes of data (Appendix A, Table 2), 
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error bars represent the SEM as determined from one fit therefore nobservations = 1 for all bars in 
A. A paired t-test, with α = 0.05 was used with to check if within a condition (i.e. pCa), pH 
affected τon. * indicates that τon is significantly different at pH 6.5 compared to pH 7.4. B. The τon 
results grouped by pH. Each bar represents the average τon for pH 7.4 and pH 6.5 with error 
bars representing the SEM. nobservations = 7 for both bars in B. A significant interaction was 
determined if p < 0.05. UR represents the “Unregulated” condition, i.e. without regulatory 
proteins. 
The frequency of single actomyosin binding events were dependent on Ca2+ 
concentration (Figure 13), consistent with previous findings (39). Additionally, acidosis did not 
significantly affect the frequency of actomyosin binding events at saturating pCa (Figure 13). 
However, at sub-saturating pCa, e.g. pCa 6, acidosis reduced the frequency of single actomyosin 
interactions by almost 50%. Indeed, dropping the pH from 7.4 to 6.5 decreased the single 
molecule binding frequency at all sub-saturating pCa, from pCa 6 to pCa 8 (Figure 13). The 
greatest difference was observed at pCa 6.5 where the frequency was decreased by ~75%. 
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Figure 12 Myosin’s step size summary. A. A single 3-D histogram after analyzing one raw data 
record with the 16 ms window. Both the baseline population, b and the event population E are 
well fit in the displacement dimension by the sum of two gaussians. Once the event and 
baseline populations have been deconvolved through the fitting process, the event population 
step size can then be determined by taking the difference between the mean of the event 
population from the mean of the baseline population (26). B. The step size results separated by 
pCa and pH. Bars represent the average displacement calculated over n number of raw data 
records for each condition and error bars represent the SEM. A two-way ANOVA was then used 
to determine if there was a significant interaction between both pH and pCa with respect to 
myosin’s step size. *, Indicates significantly different, P < 0.05, from pH 7.4 within a given pCa. 
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&, Indicates significantly different, P < 0.05, from pH 6.5 – pCa 6.5. #, Indicates significantly 
different, P < 0.05, from pH 6.5 – pCa 4. C. The step size results grouped by pH. A paired t-test 
with α = 0.05 was used with to check if there was a difference in step size between pH 7.4 and 
pH 6.5, with n equal to the number of raw records contributing to the step size average and 
error bars represent the SEM. See Appendix B for a note on step size calibration. 
In addition to the effect low pH has on frequency at sub-saturating pCa, the pCa50 of the 
Event frequency is increased at low pH (Table 1), an indication that acidosis is decreasing the 
Ca2+ sensitivity of the RTF, which is consistent with previous work (18, 40). Most interestingly, 
because acidosis did not affect the frequency of binding in the absence of Tn and Tm (Figure 
13), the acidosis induced depression in event frequency is not likely caused by a direct effect on 
myosin. 
Figure 13 Event frequency results. A. A bar chart showing the event frequency for all the 
measured conditions. A paired t-test was used to test differences in event frequency across pH 
in a fixed pCa condition. * Indicates significantly different, P < 0.05, from pH 7.4. B The event 
frequency results fit to the Hill equation. 
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 Vmax (s-1 ± SEM) Vmin (s-1 ± SEM) pCa50 Hill Slope 
pH 7.4 1.27 ± 0.10  0.29 ± 0.12 6.41 ± 0.14 * 1.45 ± 1.20 
pH 6.5 1.37 ± 0.06 0.19 ± 0.06 5.92 ± 0.08 * 1.48 ± 1.30 
 
Table 1: Event frequency vs. pCa fit results. A table showing the fit results when the event 
frequency vs. pCa data are fit to the Hill equation, equation 2. A paired t-test with α set to 0.05 
was used to determine a difference, if any, between the fit parameters of the pH 7.4 vs. pH 6.5 
data. * Indicates significantly different, P < 0.05, pH 7.4. 
  
36 
Chapter 5 
DISCUSSION 
 
Here the molecular mechanisms underlying the acidosis-induced decrease in contractile 
performance of muscle were investigated, with specific emphasis put on the combined effects 
of acidosis and decreased Ca2+ release from the SR (Figure 1). The results presented in this 
study show that acidosis profoundly inhibits actomyosin binding, but only at sub-saturating pCa 
(Figure 13). This suggests that the acidosis-induced rightward shift in the force-pCa relationship 
observed in single muscle fibers (18, 49, 55) may be caused by slowing the rate at which a single 
myosin head binds to the actin filament and this is likely mediated through competitive 
inhibition of Ca2+ binding to Tn. Despite acidosis having a Ca2+ dependent effect on myosin’s on 
rate, the step size and strongly bound lifetime appear to be unchanged by acidosis. 
Additionally, because acidosis did not significantly reduce myosin’s binding frequency in the 
absence of Tn and Tm (Figure 13A), acidosis does not likely mediate its depressive effects by 
directly impacting myosin, but rather the effect of acidosis is mediated through the regulatory 
proteins, specifically Tn. 
5.1 Acidosis does not affect myosin’s strongly bound lifetime or step size 
Previous work demonstrated acidosis decreases unloaded shortening velocity in muscle 
fibers up to 30% at 15˚ C (31, 35). While purified protein studies showed that decreasing pH 
from 7.4 to 6.5 slows actin filament velocity by ~67% at 20˚C  in an in vitro motility assay (12). 
Debold et al., 2008 postulated a molecular mechanism whereby acidosis slows myosin’s ADP 
release rate thereby increasing myosin’s strongly bound lifetime by 33% at saturating ATP 
concentrations (~1 mM ATP). An outcome that provides a compelling explanation for the 
37 
decreased contraction velocity caused by fatigue in vivo. In this study, however, acidosis did not 
appear to change myosin’s strongly bound lifetime, τon (Figure 11B). This may seem to 
contradict Debold et al., 2008, however, because acidosis does not impact myosin’s rigor 
lifetime, any change to the short lived, ~4 ms ADP  lifetime (3) would be difficult to detect. This 
is because random Brownian motion of the trapped bead limits the precision of our τon 
measurement to ~ 6 - 7 ms (34, 68). Lastly, acidosis did not appear to impact myosin’s step size 
(Figure 12B and C), which is consistent with previous results (12). 
5.2 Acidosis impacts TnC-Ca2+ binding 
In muscle, Tn and Tm regulate actomyosin binding through a Ca2+ dependent process. 
Calcium released from the SR binds to the Ca2+ binding domain of Tn (TnC), which induces a 
conformational change (Figure 4) leading to an azimuthal rotation of Tm on the surface of actin 
(27, 58, 65) to reveal the myosin binding sites (Figure 3). After these binding sites are revealed,  
myosin can strongly bind to actin (23). At saturating pCa, the Ca2+ binding sites on TnC are fully 
occupied, and thus attachment can occur at the highest frequency, which in this assay is 1.4 
times per second (Figure 13). In contrast, at sub-saturating pCa (pCa 6.0 to pCa 8) TnC is likely 
not fully bound with Ca2+, thus actomyosin binding is partially inhibited (58), which results in a 
decrease in the event frequency observed at sub-maximal Ca2+ levels. Therefore, the present 
observation demonstrates that acidosis inhibits actomyosin binding, but only at sub-maximal 
pCa. This suggests that acidosis affects the ability of Ca2+ to bind to TnC and produce the 
conformational changes in the inhibitory subunit of Tn (TnI) that allows Tm to reveal the myosin 
binding sites on actin. Because acidosis did not decrease actomyosin binding frequency at 
saturating Ca2+, the function of Tn and Tm is likely intact at low pH once TnC is fully bound with 
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Ca2+. This is consistent with a mechanism proposed by Parsons et al., (1997) in which acidosis 
interferes with Ca2+ binding to TnC thereby decreasing Ca2+-sensitivity in muscle fibers. Indeed, 
our fit results from the Hill equation demonstrate that the pCa50 is increased in response to 
acidosis (Table 1) demonstrating that acidosis decreases RTF Ca2+-sensitivity. 
The pronounced rightward shift in the binding frequency-pCa relationship (Fig. 14A) is 
strikingly similar to the acidosis-induced rightward shift in the force-pCa relationship observed 
in single muscle fibers (18), (Figure 14B). This suggests that the present findings provide the 
molecular basis for the acidosis-induced reduction in force in muscle fibers at sub-saturating 
pCa. If so, these findings indicate that acidosis reduces force in muscle fibers at sub-saturating 
pCa by slowing the rate at which the first myosin molecule attaches strongly to the actin 
filament. The decrease in the apparent attachment rate of myosin to actin observed in this 
experiment demonstrates that force in muscle may be reduced because less cross-bridges are 
attached at any given sub-saturating pCa. Although the force of an individual cross-bridge may 
be reduced by acidosis (46), the size of myosin’s powerstroke was unaffected by pH in these 
experiments, suggesting myosin might be generating a similar force (Figure 12C). Thus, the 
decrease in force seen in fibers at sub-saturating pCa may be primarily due to a decrease in 
myosin’s attachment rate, and this depression in myosin’s attachment rate is caused by the 
inability of TnC to bind to Ca2+ at low pCa. 
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Figure 14 Comparing single molecule data to fiber data. A. A normalized event frequency vs. 
pCa curve. The data were normalized within a pH condition by dividing each data point by the 
predicted Vmax based off the fit results in Table 1. B. Replotted relative tension data from (18). 
The strong rightward shift is apparent at both the single molecule and single muscle fiber level. 
Despite acidosis leading to a pronounced rightward shift in the force-pCa / event 
frequency-pCa relationship (Figure 14A and 14B respectively), acidosis does not appear to have 
any effect on the  Hill slope of the force-pCa relationship in fibers (18, 49). This suggests that 
the complex mechanisms responsible for the cooperative aspect of thin filament activation 
(23), including myosin strong-binding’s influence on the position of Tm on actin (11) and TnC-
Ca2+ binding cooperativity (25), are unaffected by acidosis. 
In this assay there was never more than one myosin head interacting with an actin 
filament. Therefore, the Hill slope measured in this experiment only includes TnC Ca2+- binding 
cooperativity. Thus, no conclusion of how acidosis impacts myosin strong binding cooperativity 
can be made. However, acidosis does not seem to impair TnC Ca2+-binding cooperativity, 
meaning that transmission of the Ca2+ binding signal is likely unaffected by acidosis. Therefore, 
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although acidosis may be impacting TnC-Ca2+ binding, once there is enough Ca2+ in solution, i.e. 
above the pCa50 (Table 1), TnC will become saturated with Ca2+ and the TnC-Ca2+ binding signal 
will not be attenuated. These data provide further support for the notion that acidosis affects 
the affinity of Tn for Ca2+ (Figure 15). 
5.3 Conclusion 
Here skeletal muscle fatigue was successfully simulated at the single molecule level by 
measuring the effect of acidosis on actomyosin interaction in a Ca2+ dependent manner. These 
findings provide important mechanistic insight into the molecular basis of fatigue because the 
drop in pH investigated here is similar to the changes observed in vivo (7) and because the pCa 
where acidosis had the biggest impact in these experiments reflects the well-documented 
decrease in intracellular pCa that occurs during fatigue (36). 
The decrease in pH alone is not thought to decrease isometric tension while at 30˚C 
(56), however when low pH is combined with a decrease in intracellular Ca2+, that occurs later 
in fatigue (1) the combined response may account for a significant portion of the loss in force-
generating capacity during fatigue-induced acidosis. The present data suggests that the ability 
of TnC to bind Ca2+ is compromised under acidic conditions due to H+ competition . As a result, 
the regulatory unit remains deactivated at sub-maximal pCa (Figure 15A). Therefore, TnI never 
removes its inhibition on Tm. Consequently, the rate of cross-bridge formation decreases, 
causing less cross-bridges to be attached at any given time. These data provide a compelling 
explanation for the observed decrease in tension at sub-saturating pCa in muscle fibers (18, 50). 
Additionally, because peak isometric tension isn’t effected by acidosis at 30˚C (56) it’s 
unsurprising there was no observed change in frequency at saturating pCa in this experiment. 
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These data help to provide a molecular level explanation that can account for the loss of 
force caused by acidosis during fatigue at sub-saturating pCa, while simultaneously explaining 
how force is unchanged at saturating pCa. While there are certainly other mechanisms that 
contribute to the loss of force during fatigue, including inorganic phosphate (Pi) (15, 49, 71) 
these data provide critical and novel molecular insight into the mechanisms through which 
acidosis might reduce force late in the fatigue process. 
5.4 Future Directions 
Although the results from this study provide a molecular level explanation for the 
observed decrease in force of muscle fibers in response to acidosis (10, 18) (Figure 14), future 
studies should expand on this work to provide a more complete mechanism. For instance, 
because there was only one head available to bind to an actin filament at any given time, any 
influence that acidosis has on myosin strong binding cooperativity is ignored in this study. 
Therefore, performing this experiment with an mini-ensemble of myosin (14) would allow 
researchers to determine the effect, if any, acidosis has on myosin strong binding cooperativity. 
Additionally, this type of study would allow for the measurement of force, which cannot be 
done easily with the current trapping software. Lastly, because we are proposing that 
competition exists between H+ and Ca2+ for TnC binding sites, the depression in frequency 
should worsen as pH levels continue to decrease. Therefore, more work should be completed 
to investigate how H+ ions are impacting TnC-Ca2+ affinity. 
In addition, because TnC-Ca2+ binding was not measured directly, the depression in 
binding frequency observed may be caused by acidosis inhibiting the transmission of the TnC-
Ca2+ binding signal to TnI. Although these data suggest otherwise, this experiment could be 
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performed with different TnC and or TnI constructs to determine which structural elements in 
Tn mediate the effects of acidosis. Such information would be invaluable in gaining a more 
completing understanding of the mechanisms which mediate the depressive effects of acidosis 
on muscle. This can aid in the development of small molecules and other treatments to 
attenuate muscle fatigue in clinical populations. 
 
Figure 15 Conceptual model. A model describing the binding frequency results. A. A diagram of 
the 3-subunit Tn complex while in the deactivated state (i.e. in the absence of Ca2+ (orange 
circles) and/ or in the presence of H+ (red circles)). The bold black lines surrounding the red 
section of the Tn complex (TnC) point toward the crystal structure of TnC with the putative Ca2+ 
binding sites labeled I and II (blue and green respectively). Note that in the deactivated state, 
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TnI (blue) is interacting Tm and actin, causing Tm to remain in the blocked state therefore 
myosin and actin cannot bind. Tm will remain in the blocked state if TnC isn’t bound to Ca2+ or, 
as our data suggests (Figure 14A), if there are high levels of H+ ions. B. The same diagram in A, 
however TnC is occupied with Ca2+ which allows C-TnI to interact with TnC allowing Tm to move 
away from the blocked state therefore myosin and actin can interact. This panel represents a 
properly functioning Tn complex. C. The event frequency results from Figure 13A. Labeled with 
a 1, 2 and 3. On the right, 6 representations of TnC occupied with either Ca2+ (orange circles) or 
H+ (red circles) depending on the pH. Under normal pH conditions, and at very low Ca2+, labeled 
1, the probability of both Ca2+ binding sites I and II being occupied are low, however TnC Ca2+ 
binding can still occur, albeit infrequently. At pH 6.5-pCa 8, H+ concentration is approximately 
15-fold higher than the Ca2+ concentration. Therefore, the probability of H+ ions occupying sites 
I and II is higher and because H+ doesn’t appear to elicit the same conformational change in TnC 
that Ca2+ does (55), the Tn complex remains in the deactivated state and Tm remains in the 
blocked state more often, therefore driving down binding frequency. At higher pCa (e.g pCa 6) 
under normal pH conditions, the probability of TnC being occupied with two Ca2+ ions is much 
higher, leading to an enhancement in binding frequency. However, at pH 6.5-pCa 6, labeled 2 
H+ concentration is approximately 5-fold less than Ca2+ ion concentration. Therefore, the 
probability of both sites being occupied with Ca2+ begins to increase compared to the low pCa 
condition. However, there is still an opportunity for H+ competition. Lastly, under saturating 
pCa, labeled 3, at pH 7.4, the Ca2+ binding sites in TnC are saturated with Ca2+ which is why 
binding frequency is highest. Additionally, at pH 6.5 Ca2+ concentration is approximately 20-fold 
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higher than H+ concentration. Therefore, the Ca2+ binding sites are more likely to be occupied 
with Ca2+ than with H+ and binding frequency recovers to normal pH levels. 
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APPENDIX A 
DETERMINING EVENT DENSITIES 
 
Before the event density, 𝜌(𝜏𝜔) is calculated, the number of positive observations 
observed for a given window width (e.g. 50 ms) were summed across all raw data records (e.g. 
5 raw data records) within a condition (e.g. pH 7.4 - pCa 4), equation 1. 
𝐄𝐪. 𝟏 𝑁(𝜏𝜔)  =  ∑ 𝑛𝑖
𝑖 = 𝑗 
𝑖 = 1
 
Where j represents the jth raw data record and ni represents the number of positive 
observations. Once the total number of positive observations, N(τω), are accumulated for a 
given condition, this result is normalized, Equation 2, to the total number of observations 
observed within the 16 ms window, N(τ16 ), thereby providing a measure of the event density 
over every raw data record within a given condition. Table 2 shows the number of minutes 
recorded for each condition. 
𝐄𝐪. 𝟐 𝜌(𝜏𝜔)  =  𝑁(𝜏𝜔) / 𝑁(𝜏16) 
 
 pCa 8 pCa 7 pCa 6.5 pCa 6 pCa 5 pCa 4 Unregulated 
pH 7.4 6.8 min  10.3 min 11.2 min 4 min 10.3 min 37.4 min 9.7 min 
Ph 6.5 26.3 min 31.4 min 18 min 5 min 10.8 min 11 min 17.2 min 
 
Table A1 Minutes of raw data collected. Values represent the total amount of raw data, in 
minutes, collected for all 14 conditions. 
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APPENDIX B 
STEP SIZE CALIBRATION 
 
 In order to convert the raw voltage signal from the Quadrant Photodiode, (QD), a 
standard displacement curve must be constructed (Figure 16). This is accomplished by fixing a 1 
um glass bead to the surface of the flow cell. Once a bead that is strongly attached to the 
surface is found, the trap is brought close to the surface and the stuck bead is placed into the 
center of the trap via the piezo controlled stage. At that time, the piezo controlled stage is 
rapidly moved (~ 4ms) as to cause the 1 um bead to be displaced a known distance from the 
center of the trap, in this case 50 um (Figure 16A). This process of rapidly displacing the stuck 
bead from the center of the trap is repeated up to 4 times so that the stuck bead experiences a 
large displacement (~200 um) from the center of the trap. When the bead is moved in this 
manner the response of QD should be linear (Figure 16B), but If the bead is displaced by a 
greater distance the response of the QD begins to lose its linearity. Therefore, the goal of the 
step size calibration is to characterize the linear response of the QD. 
 
Figure B1 Creating standard displacement curve. A. The QD signal in mv as a 1 um bead is 
displaced from the center of the trap in 50 um increments. Notice that each step occurs on a 
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very short time scale (~4 ms) and that with each step the change in the QD signal is roughly 
equal in magnitude. The red dots in A represent the average QD signal calculated over the flat, 
stable portions of the raw trace. These averages were then plotted in B and fit to a linear 
function of the form y = mx + b, where |m| is the conversion factor between QD voltage and 
bead displacement. 
 Originally, I assumed that the result from this step size calibration would be stable day 
after day, however the displacements obtained for the pH 6.5-pCa 6.5 condition (Figure 12B) 
are abnormally high for single actomyosin interactions. This means either, the step size 
calibration is not consistent day after day, or the raw data collected for that condition was not 
single molecule. However, because binding frequency is expected to increase when there is 
more than one myosin head available to bind (30, 39), I would expect to see an increased 
binding frequency for the pH 6.5 – pCa 6.5 condition, but this was not the case (Figure 13). 
Additionally, further inspection of the raw data provided me with no reason to believe that 
there are multiple heads interacting with the actin filament at any given time. Therefore, the 
likely hood that the step size calibration can change day to day is high. Therefore, performing 
the step size calibration each day is likely best practice. 
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